C aBP4, a photoreceptor-specific protein originally isolated in our laboratory from retina cDNAs, 1,2 is a member of a subfamily of neuronal Ca 2ϩ -binding proteins (CaBPs), which display a high similarity to calmodulin (CaM). [1] [2] [3] [4] CaBP4, CaBP2, and CaBP5 are retina-specific Ca 2ϩ -binding proteins. CaBP1, CaBP2, and CaBP5 have been shown to target proteins known to be modulated by calmodulin, such as G proteincoupled receptor kinase 2, calmodulin kinase II, and calcineurin. 1, 5 In vitro, CaBP1 also modulates the L-type and P/Q-type voltage-gated Ca 2ϩ channels and the inositol triphosphate (IP 3 ) receptor. 6 -8 In the mouse eye, CaBP4 is localized at the photoreceptor synaptic terminals in rods and cones. CaBP4 is essential for the development and maintenance of the photoreceptor synapse, likely through functional modulation of the photoreceptor Ca 2ϩ channels, ␣1F L-type voltage-dependent calcium channels (Ca v 1.4), and neurotransmitter release. 2 Photoreceptor synapses in CaBP4-deficient (Cabp4 -/-) mice are severely disrupted anatomically and functionally. ERG measurements and single-cell recordings show a disruption in the transmission from photoreceptors to bipolar cells in Cabp4 -/-mice, whereas rod phototransduction is only modestly affected.
Mutations in the CACNA1F gene (Ca v 1.4 gene) are responsible for incomplete congenital stationary night blindness (CSNB2). 9 Interestingly, the phenotypes of these patients and of mice deficient for the ␤2 subunit of the Ca v 1.4 channel 10 are similar to those of Cabp4 -/-mice. In a previous study, we demonstrated that the signal transfer from rods to rod bipolar cells is altered in Cabp4 -/-mice by measuring light responses of rod bipolar cells. 2 Ca v 1.4 channel expression has been clearly shown in rods but not yet in cones. Thus cone function response cannot be either clearly inferred from our initial ERG experiments or ascribed to CaBP4 -Ca v 1.4 channel interaction. Furthermore, 30-Hz flicker ERG responses of CSNB2 patients carrying CACNA1F gene mutations suggest markedly depressed cone functions, 11 though these patients have normal color vision. 12 It is important to evaluate the function of CaBP4 in cones to understand its role in the development and maintenance of the photoreceptor synapse between cone and bipolar cells and its contribution to the cone phenotype of CSNB2 patients. For this purpose, mice lacking functional rod transducin (Gnat1 -/-) were crossbred with Cabp4 -/-mice to generate Cabp4
Gnat1
-/-mice. The Gnat1 -/-mouse is a useful model to evaluate pure cone function under all light conditions and has been characterized extensively by Calvert et al. 11 We have analyzed and compared the retinal morphology and light responses of wild-type, CaBP4, rod ␣-transducin, and CaBP4/rod ␣-transducin knockout mice with single-flash and flicker ERG to evaluate the cone function of each genotype more precisely.
MATERIALS AND METHODS

Generation and Genotyping of Cabp4
-/-Gnat1 -/-
Knockout Mice
The mice were housed in the Department of Comparative Medicine at the University of Washington and were treated according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The double-knockout mice were generated by breeding Cabp4 -/-mice 2 and Gnat1 -/-mice. 11 The genotype of the mutant mice was confirmed by PCR. To identify the wild-type allele, the primer pair FH589 (5Ј-GTACACATGTAGATGCAGGAG-3Ј, hybridizing in intron 4 of mouse Gnat1) and FH588 (5Ј-CACCAGCACCATGTCGTAAG-3Ј, located in exon 6 of mouse Gnat1) was used to give a PCR product of ϳ500 bp. The targeted CaBP4 allele was identified with primers K183 (5Ј-CTTGGCGAATATCATGGTGG-3Ј, located in the neo-cassette) and FH588 and gave a PCR product of approximately 600 bp. The PCRs were cycled at 94°C for 5 minutes, followed by 35 cycles at 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 1.5 minutes, followed by a final extension at 72°C for 7 minutes. Cabp4 -/-, Gnat1 -/-, and Cabp4 -/-Gnat1 -/-mice were in a mixed C57BL/6, 129SvEv, and BALB/c background. The wild-type mice were C57Bl/6.
Immunocytochemistry
Mouse eyecups were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB; 100 mM sodium phosphate, pH 7.4) for 4 hours. After fixation, the tissues were infiltrated with graded sucrose solutions (5%, 10%, 15%, and 20% sucrose in PB), and then embedded in 33% OCT compound (Miles, Elkhart, IN) diluted with 20% sucrose in PB. Eye tissues were cut in 10-m sections. To block non-specific labeling, retinal sections were incubated with 3% normal goat serum in PBST buffer (136 mM NaCl, 11.4 mM sodium phosphate, 0.1% Triton X-100, pH 7.4) for 20 minutes at room temperature. Sections were incubated overnight at 4°C in diluted primary antibodies. Sections were washed with PBST. For single staining, sections were incubated with Cy3-conjugated goat anti-rabbit IgG. For double staining, a mixture of Cy3-conjugated goat anti-rabbit IgG and conjugated goat anti-mouse IgG (Alexa 488; Molecular Probes) was reacted with sections. For double staining including PNA, sections were incubated with PNA and Cy3-conjugated goat anti-rabbit IgG (Alexa 488; Molecular Probes). Sections were stained with Hoechst 33342 dye (Molecular Probes) to reveal the nuclei. Then, sections were rinsed in PBST and mounted with antifade reagent (Prolong; Molecular Probes) to retard photobleaching. For experiments using retinal whole-mounts, the retinas were dissected as described previously. 12 The retinas were incubated with 5% normal goat serum in PBST buffer (136 mM NaCl, 11.4 mM sodium phosphate, 0.1% Triton X-100, pH 7.4) overnight at 4°C and then again overnight at 4°C with anti-bassoon antibody (1:500). After three washes for 15 minutes in PBST, Cy-3-conjugated goat anti-mouse (1:100) or PNA (1:50; Alexa 488; Molecular Probes) was added to the retina overnight at 4°C. Retinal whole-mounts were mounted with the photoreceptor side up.
Sections were analyzed under a confocal microscope (Zeiss LSM510; Carl Zeiss, New York, NY.). Immunofluorescent images were obtained with a 40ϫ/1.3 NA objective lens (Plan-Neofluar; Carl Zeiss). Projections of confocal images were made using LSM510 software 3.0 (Carl Zeiss).
Transmission Electron Microscopy
Mouse eyecups were primarily fixed by immersion in 2.5% glutaraldehyde, 1.6% paraformaldehyde in pH 7.4, 0.08 M piperazine diethanesulfonic acid (PIPES) buffer containing 2% sucrose, initially at room temperature for approximately 1 hour, then at 4°C for the remainder of a 24-hour period. The eyecups were then washed with pH 7.35, 0.13 M phosphate buffer, and secondarily fixed with 1% OsO 4 in pH 7.4, 0.1 M phosphate buffer for 1 hour at room temperature. After another wash with 0.13 M phosphate buffer, the eyecups were dehydrated through a methanol series and transitioned to epoxy embedding medium with propylene oxide. The eyecups were infiltrated (Eponate 812; Ted Pella, Inc., Redding, CA) and embedded for sectioning in Eponate 812 by hardening at 70°C for 24 hours before ultramicrotomy. Ultrathin sections (60 -70 nm) were cut with a diamond knife and mounted on 50-mesh grids coated with a film (Pioloform; Ted Pella). The sections were then stained with aqueous-saturated uranium acetate and Reynold's formula lead citrate before survey and micrography (CM10 electron microscope; Philips, Eindhoven, The Netherlands). A montage of individual images was created in Adobe Photoshop. Photoreceptor terminals and synaptic ribbons were counted from working prints of sections obtained from 3 eyes. Sections were analyzed from end to end.
Electroretinograms
Before recording, mice were dark adapted overnight. Under safety light, mice were anesthetized by intraperitoneal injection using 20 L/g body weight of 6 mg/mL ketamine and 0.44 mg/mL xylazine diluted in 10 mM sodium phosphate (pH 7.2) containing 100 mM NaCl. Pupils were dilated with 1% tropicamide. A contact lens electrode was placed on the eye, and a reference electrode and a ground electrode were placed in the ear and on the tail. Electroretinograms were recorded with the universal testing and electrophysiologic system (UTAS E-3000; LKC Technologies, Inc., Gaithersburg, MD). Light intensity was calibrated by the manufacturer and was computer controlled. Mice were placed in a Ganzfeld chamber, and scotopic and photopic responses to flash stimuli were obtained from both eyes simultaneously.
Single-Flash Recording. Flash stimuli had a range of intensities (-3.7 to 2.8 log cd ⅐ s ⅐ m -2 ), and white light flash duration was adjusted according to intensity (20 s-1 ms). Three to five recordings were made at Ͼ10-second intervals, and for higher intensity, intervals were 10 minutes long or as indicated. There were no significant differences between the first and the fifth flashes. Photopic responses were examined after bleaching at 1.4 log cd ⅐ m -2 for 15 minutes. Four to eight 2-month-old animals were typically used for the recording of each point in all conditions.
Flicker-Flash Recording. The recordings were performed following the same procedure as for single-flash recording. Flicker stimuli had a range of intensities (-3.7 to 1.4 log cd ⅐ s ⅐ m -2 ) with various frequencies (5-30 Hz). Statistical analysis was carried out using oneway ANOVA.
RESULTS
Morphologic Changes of the Retina
The morphology and the expression of relevant proteins were first analyzed in 2-month-old mice with antibodies directed against CaBP4 and rod ␣-transducin proteins. As expected, no CaBP4 proteins were detected in the Cabp4 -/-and Cabp4
Gnat1
-/-retinas, and no ␣-transducin proteins were observed in the Gnat1 -/-and Cabp4 -/-Gnat1 -/-mice ( Fig. 1 ). The localization of CaBP4 in Gnat1 -/-and transducin in Cabp4 -/-was similar to that in the wild-type mice. The thickness of all nuclear layers except the outer plexiform layer was unaltered in all knockout mice compared with the wild-type mice. To determine whether the cones were preserved in all knockout mice, we labeled the cones with fluorescein-labeled PNA. There was no difference in either the pattern of PNA staining or the number of cone photoreceptors in wild-type and all knockout mice (Figs. 2A-D). The inset points out the localization of CaBP4 in cones also labeled with PNA ( Fig. 2A) To investigate whether there was any regional deficit of the photoreceptor population, PNA labeling was carried out with whole-mount retina. No difference in the density of cones was observed among the four quadrants of the retina in 2-monthold mice (Fig. 3A) . No significant difference in the number of cones labeled with PNA was observed in knockout mice com- pared with wild-type mice. Labeling with an anti-bassoon antibody was carried out with whole-mount retina to analyze the morphologic changes of the presynaptic ribbons in rod spherules and cone pedicles across the mouse retina. Horseshoeshaped structures representing the bassoon-labeled ribbons were observed in wild-type and Gnat1 -/-mice, but mostly punctate staining was observed in Cabp4 -/-and Cabp4 (Fig. 3B) . Results similar to those for the temporal retina (Fig. 3B) were observed in the four quadrants of the retina (data not shown). PNA labeling of the cone pedicles in the outer plexiform layer was also analyzed with retinal whole-mounts. In wild-type and Gnat1 -/-mice, the PNA-labeled cone pedicles are well defined and round, but the cone pedicles of Cabp4 -/-and Cabp4 -/-Gnat1 -/-mice are more disorganized and appear spread out in a diamond-shaped structure (Fig. 3B) . -/-(296 Ϯ 3 photoreceptor terminals; P Ͼ 0.05; n ϭ 3 eyes) compared with wild-type mice (348 Ϯ 39 photoreceptor terminals; n ϭ 3 eyes). We also observed a reduction in the number of synaptic ribbons in the outer plexiform layer of Cabp4 -/-and Cabp4 -/-Gnat1 -/-of approximately 52% Ϯ 10% (P Ͻ 0.001; n ϭ 3 eyes) in comparison with that observed in wild-type mice.
Ultrastructural Analysis of Photoreceptors Using Transmission Electron Microscopy
The outer segments of knockout mice appeared normal compared with those of wild-type mice (i.e., parallel piles of disks extended from the inner segment to the retinal pigment epithelium (RPE) (Figs. 4A-H) . The outer segments of Cabp4 -/-and Cabp4 -/-Gnat1 -/-were shorter by approximately 10% than those of the wild-type mice. Rods with outer segments shortened by malfunction or insufficiency of specific proteins are at risk. 13 Changes in intermediate filament (glial fibrillary acidic protein [GFAP]) expression appear to be the earliest evidence of Müller cell responses to retinal degeneration. Therefore, we have compared the expression of GFAP in single-and double-knockout mice with those of wild-type mice. In wild-type and Gnat1 -/-mice, GFAP labeling was observed in astrocytes. In Cabp4 -/-and Cabp4 -/-Gnat1 -/-mice, GFAP labeling was observed mostly in astrocytes, but some staining was also observed in Müller cells (data not shown). 
Analysis of Cone Function Using Electroretinogram Recordings
Electroretinograms of wild-type, Cabp4 -/-, Gnat1 -/-, and Cabp4 -/-Gnat1 -/-mice were recorded under scotopic and photopic conditions. Scotopic Conditions. As expected from previous studies, no a-wave originating from rods was detected in 2-month-old Gnat1 -/-mice. 14 Their b-wave resulting from cone-mediated responses showed reduced amplitude and was only detectable from -1.0 log cd ⅐ s ⅐ m -2 (Figs. 5A , 5B). In Cabp4 -/-mice, the amplitude of the a-wave was half the amplitude of that of wild-type mice, and the b-wave was even more severely affected (Figs. 5A , 5B). Both waves became detectable at intensities higher than -2.0 log cd ⅐ s ⅐ m -2 . In the Cabp4 -/-Gnat1 -/-double-knockout mice, the a-wave and b-wave were almost absent, suggesting that there were no rod-and almost no cone-driven responses in scotopic conditions. These data also suggested that the b-wave observed in Cabp4 -/-mice under these conditions originated mostly from rod responses.
Photopic Conditions. Under photopic conditions, the sensitivity of the cones of single-and double-knockout mice was reduced compared with that of the wild type, and responses were not detected below -1.0 log cd ⅐ s ⅐ m -2 (Figs. 5C,  5D ). The a-wave amplitude of Cabp4 -/-mice was reduced to half that of the wild-type in scotopic conditions; thus, the cone photoresponses were only modestly affected in single-and in double-knockout mice. Amplitude and sensitivity of the b-wave of Cabp4 -/-and Cabp4 -/-Gnat1 -/-mice were greatly reduced (Figs. 5C, 5D ). The b-wave amplitudes of Cabp4 -/-and
Cabp4
-/-Gnat1 -/-mice reached a plateau level earlier than did those of wild-type mice, whereas the a-wave amplitudes increased with the stimulus intensities regardless of genetic background. Although similar, the b-wave response curves of the Cabp4 -/-Gnat1 -/-double knockout were lower than those of Cabp4 -/-mice, suggesting that some residual roddriven responses were still detectable under these photopic conditions in Cabp4 -/-mice. Flicker ERG. Flicker ERG to stimuli varying in temporal frequency and intensity was recorded to investigate cone responses. Pure cone responses are best characterized at 20 Hz 15 or are dominantly observed at high-intensity 10-Hz stimulation in scotopic conditions. 16 In scotopic conditions at 10 Hz, the sensitivity and amplitude of the flicker ERG were reduced significantly for all knockout mice compared with wild-type mice. Flicker ERG amplitudes of Cabp4 -/-and Cabp4 -/-Gnat1 -/-mice were significantly less than those of Gnat1 -/-mice. At a frequency of 20 Hz, a severe reduction in the amplitude of flicker ERG was observed for Cabp4 -/-and Cabp4 -/-Gnat1 -/-mice (Fig. 6) . Surprisingly, the amplitude of Gnat1 -/-was also affected, though less than in the other knockout mice. Under photopic conditions, the sensitivity of the flicker ERG was similar for all mice. However, the amplitude of the flicker ERG was severely reduced at higher intensities (at Ͼ0.6 log cd ⅐ s ⅐ m -2 ) for all knockout mice, though the reduction in Gnat1 -/-was again less severe. Together, these data demonstrate that the responses of cones and rods in CaBP4-deficient mice are significantly affected or absent in comparison with wild-type mice. , and Gnat1
-/-mice were moderately reduced compared with those of wild-type mice (P Ͻ 0.1), whereas no significant differences were observed among those of 
DISCUSSION
In this study, we have analyzed cone visual functions without interference from rod responses. This experimental design has allowed us to demonstrate that CaBP4 is crucial for synaptic transmission from cone photoreceptors to second-order neurons. To evaluate pure cone function, it is essential to block rod responses. Cone-mediated light responses can be isolated using rod-saturating conditions or flicker ERG at high frequency. However, residual rod responses might still be detected in photopic responses, 15 and the use of a rod-saturating background might also affect cone responses. The drawback of flicker ERG in mice is the low signal-to-noise ratio at frequencies that are thought to be greater than rod temporal resolution. 17 To characterize cone responses under photopic and scotopic conditions, we used knockout mice that have no functional rods. Diverse knockout models of rod dysfunction have been developed, including rhodopsin-deficient mice and rod ␣-transducin-deficient mice. 11, 18, 19 The advantage of the rod ␣-transducin-deficient model over the rhodopsin-deficient mice is that the structure of rods is normal for the first 3 months, whereas that of rhodopsin-deficient mice degenerates rapidly. 18, 19 In this study, to investigate the role of CaBP4 for cone vision, we crossbred Cabp4 -/-with Gnat1 -/-mice. These Cabp4 -/-Gnat1 -/-double-knockout mice allowed us to study the effect of CaBP4-deficiency without interference from rodmediated responses. No detectable changes in retinal morphology between double-knockout mice and single-knockout mice were observed, and the cones were as well preserved in double-knockout mice as in single-knockout mice. These results indicate that the absence of photoexcitation in rods does not affect the CaBP4-deficient phenotype morphologically, confirming the suitability of this model to study the effect of CaBP4 deficiency on cone signaling function. These observations are in accordance with other findings that demonstrate that the absence of functional cones and rods does not affect the structural development of the photoreceptor synapses after eye opening. 20 Synaptic contacts between photoreceptor terminals, horizontal cell processes, and bipolar cell dendrites were also reported to be relatively normal in double cone cyclic nucleotide-gated cation channel /rhodopsin knockout mice up to postnatal week 4. 20 The absence of morphologic changes between these Cabp4 -/-and Cabp4 -/-Gnat1 -/-mice also suggests that changes in the photoreceptor terminals associated with rodmediated light responses, including light-dependent changes of the calcium concentration at the synapse, do not contribute to the mechanisms underlying the phenotype of Cabp4 -/-mice. The light-independent phenotype corroborates the putative role of CaBP4 in photoreceptor synaptogenesis.
Electroretinograms were recorded to investigate the effect of CaBP4 deficiency on cone function. Gresh et al. 21 reported that a reduced amplitude of flicker ERG correlates with increasing flicker frequency more noticeably in Balb/c mice than in C57Bl/6 mice. To confirm the genetic background effects of mice for flicker ERG, doubleheterozygous mice that comprise mixed C57BL/6, 129SvEv, and BALB/c backgrounds were prepared and analyzed with flicker ERG under the same conditions used in this study. However, no significant differences were observed between C57BL/6 wild-type mice and double-heterozygous mice (data not shown).
We have previously shown that CaBP4 interacts with expressed ␣1F (Ca v 1.4) L-type, voltage-dependent calcium channels and modulates their functional properties. 2 Although the molecular identity of the cone Ca 2ϩ channels is not fully elucidated, some cone channels contain the Ca v 1.3 subunit. [22] [23] [24] Moreover, immunostaining of additional aggregates to typical horseshoe-shaped structures with an anti-Ca v 1.4 ␣1F antibody suggests that Ca v 1.4 ␣1F is also present in cone terminals. 25 The severely reduced cone signaling in CaBP4-deficient mice indicates that CaBP4 is also critical for the release of neurotransmitter from cone synaptic terminals. These results suggest that cones express the Ca v 1.4 subunit or a subunit highly homologous to it. The gene encoding the ␣-subunit of Ca v 1.4 appears to have diverged more recently from that of the human Ca v 1.3. 26 Their amino acid sequences share 70% overall similarity and 84% similarity between transmembrane segments. Cav1.4 and Cav1.3 share biophysical properties; both activate at more negative voltages and more rapidly than Cav1.2, and both inactivate more slowly than Cav1.2. However, Ca v 1.3 ␣-deficient mice do not exhibit electroretinogram changes. 27 The phenotypes of CSNB2 patients and Ca v 1.4-deficient and Ca v 1.3-deficient mice can be reconciled if cones can be shown to coexpress two types of L-type voltage-dependent calcium channels. This would also be consistent with the critical role of CaBP4 in modulating rod and cone neurotransmitter release.
